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Recently, Li-ion batteries have become battery technologies ranging from electric vehicles to grid packing system. 
Although a lot of automakers are announcing electric forms with its products, range anxiety and the time required 
to charge the batteries are even now a frequent worry. Extreme fast charging, by aiming 20 minutes recharge time 
for 80% SOC, is composed to quicken mass market acceptance of electric vehicles currently. However, these goals 
not only inhibit Li deposition but also require good lifetime for offering a good performance. By changing the 
electrode density of anode in the whole NCM811/graphite lithium-ion battery, delaying cell degradation were 
attempted. This work was investigated using several methods such as XRD, XPS and SEM after cycle life test. 
Also, variations of charging protocol were often made to avoid mechanical stress condition when Li plating is 
possible by reducing heat generation. In addition, superficial film construction was not even after cycling in high 
rate charging and 1C discharging. This non-even modification more followed in active material delamination from 
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1.1. Lithium-ion batteries 
 
Figure 1. Volumetric and Gravimetric energy density of various sorts of battery science [21] 
 
Recently, Li ion batteries have been remarkably improved and are being adopted as the first option for 
a variety of electronic device. Lithium-ion batteries are currently used in devices such as laptop, drone, 
and smart phones. The design of the higher energy density and higher voltage is also used as a power 
supply, ranging from light electric vehicles like electric bicycles to electric scooters, which are even 
larger motor vehicles. Figure 1[21] compares the volume and weight energy densities of various battery 
technologies. Among these technologies, lithium-based batteries outperform others. This is because of 
the superior energy density and flexible configuration of the Li system. 
 
Figure 2. Overview of the technological requests for EV battery rapid charging 
Figure 2[1] shows comparison between currently available charging methods and super-fast charging 
method. Levels 1 and 2 showed the power of charging defined by the Society of Automotive Engineers 
6 
 
standard J1772 and burgeoning direct current fast charger showed a maximum power of 50kW utilized. 
Tesla Supercharger showed 120 kW maximum power of Supercharging V2 stations. In this graph, the 
charging power for extreme fast charging were calculated. The automobile energy consumption is 
supposed to be 285 Wh per mile.[2] 
Figure 2b demonstrates a theoretical scheme of charging time and charging rate as a function of 
charging power. At a certain power, a bigger battery pack needs time for charging longer. Thus, focusing 
on the chargers based on the pack size essential. 
Equation 1. Equation of energy density  
Energy density = (Cell voltage) x (Specific capacity) / (Mass loading) / (Thickness) 












𝒌𝒈⁄ × 𝒅 
=
(𝑽𝒄𝒆𝒍𝒍 − 𝜼𝒔 − 𝜼𝒄 − 𝝓𝑰𝑹) ∙ 𝑨𝒉
𝒌𝒈⁄ × 𝒅 
=
(𝑽𝒄𝒆𝒍𝒍 − 𝜼𝒔 − 𝜼𝒄 − 𝝓𝑰𝑹) ∙ 𝑨𝒉
𝒌𝒈⁄ ×𝒎𝒈/𝒄𝒎
𝟐 × 𝟏/𝒄𝒎 
   = 
(𝑽𝒄𝒆𝒍𝒍 − 𝜼𝒔 − 𝜼𝒄 −𝝓𝑰𝑹) ∙ 𝑨𝒉




As such, the increasing demand that high-speed charging is important in the EV market. In addition, 
energy density per volume is a crucial factor in the battery business of the future, especially energy 
density per volume, an important measure for the electric vehicle market. Through the above Equation 
1, the energy density required for an electric vehicle can be met by reducing the overvoltage and 
reducing the thickness while increasing the cell voltage. Since rechargeable batteries for electric 
vehicles should have a short charging time, light weight, and excellent performance, competition for 






1.2 Research about Lithium-Deposition 
1.2.1 Hint of Li deposition 
 When Li deposition occurs on the anode, it greatly contributes to the degradation of the lithium-ion 
battery. Li deposition is associated with rapid charging capabilities and safety issue, as well as severe 
life limitations. Lithium deposition in lithium-ion cells is no longer controlled to low temperature 
operating conditions.  
 
 
Figure 3. Scheme of Li deposition (a) on the microscopic level and (b) macroscopic level 
 
The anode potential is one of the obvious signals to decide whether anode lithium plating occurs. Anode 
lithium plating occurs when the anode potential falls below 0 V (v Li+/Li)[3] as figure 3(b) showed 
macroscopic level.  
Figure 3(a) showed Li deposition mechanism in the microscopic level. Li deposition occurs as an inter-
parallel reaction. Charging process can lead to intercalation(quantity : x) and further Li 
deposition(quantity: y). Discharging process also can lead to de-intercalation and stripping of the 
deposited Li. At the microscopic level, there are two ways showing negative kinetics resulting Li 
deposition. One is when Li ions are moved between the anode openings which is associated with 
porosity and tortuosity. The other is when electrons are transferred from particles of the active material 




This associates with not only the transfer of Li ions in the openings of the anode, [4,5] but also the 
transfer of electrons from the active materials to the current collector. 
Table 1. Methods which give hints on Li deposition [8] 
Method/Principle Limitation scale 
Low CE High precision devices needed Macroscopic, cell level 
Analysis of capacity fade/ change of 
slope in Arrhenius plot 
Massive Li deposition Macroscopic, cell level 
Capacity recovery Only if Li deposition partly 
reversible 
Macroscopic, cell level 
Voltage plateau during discharge Low T area of Li deposition 
must be large enough  
Macroscopic, cell level 
Voltage curve shape during rest after 
charging 
Low T area of Li deposition 
must be large enough 
Macroscopic, cell level 
Dilation, measurement of cell 
thickness 
Limited to pouch cells, low T, 
superposition with gassing 
possible, massive Li deposition 
Macroscopic, cell level 
Early exothermic reaction in ARC 
tests 
Massive Li deposition Macroscopic, cell level 
Fire during reaction with H2O Reactivity of Li depends on its 




Melting point of Li, DSC Melting point might be 
influenced by alloying 
Macroscopic, electrode 
level 
Dendritic structure Microscopic morphology of Li 
depends on pressure in cell 
Microscopic, electrode 
level 
Neutron diffraction, LiC6 and Li 
C12 intensities 
In direct evidence Macroscopic, cell level 
Li-NMR Direct evidence Microscopic, electrode 
level 
GDOES Semi-quantitative evidence Macroscopic, electrode 
level 





Several hints for Li deposition are listed in the table 1 above. Table 1 showed various method ranging 
from Arrhenius plot to XPS investigating various scale from cell level to electrode level. Among many 
hints of Li deposition, the first one of them, Coulombic efficiency, was noted. The increased aging rate 
is mirrored in the Coulombic efficiency. (CE), which means the proportion between charge capacity 
and discharge capacity. If the capacity is more charged than discharged, the difference of charging value 
affects the reaction separately not the process of Li intercalation and de-intercalation [6,7]. Some cases 
of side effects are growth of SEI layer or the response between electrolytes and electrodes. Also, 
decreased electrical interaction of the active material or increased resistance leads to film establishments. 
Film establishments and pore congestion can furthermore contribute to capacity loss. Dahn's group 
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developed high precision coulometry. 
Graphite remains still promising anode material due to low cost compare to showing high capacity and 
suitable voltage profile complex compare to others. However, Li plating on the graphite appears during 
rapid charging.  
The requirements for improving Li ion battery issues currently are longer lifetime, rapid charging, stable 
charging for low temperature. Also, the safety performance accompanied.  
 
1.2.2 Sand’s time 
 
 
Figure 4. Sand’s time which means initiation time of dendrite [10] 
 
As a broadly known diffusion template, the relationship between the sand's time and the transfer 
characteristics of lithium ions and the transfer characteristics of electrons is as follows.  
 τ is the time when Li dendrites start to grow.  
The SEI layer affect the mobility of Li ions to play a title role in the Sand’s time. Also, the movement 
of electrons involve the effective current density, which affects the sand’s time. When the mobility of 
Li ion gets bigger and effective current density (J) gets smaller and smaller, sand time (τ) get bigger. It 
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means that the cell has a long lifetime [9]. Thus, Sand's template can relate properties layer ranging 
from SEI layer to electrode. 
Subsequently, people have effort to decrease the local current density when the large bulk current flows 
into the Li deposition sites which guarantee the fast charging rate of cells [9] 
 
1.2.3 Control the current density 
 
 
Figure 5. Schematic of the effect of current density on the distribution of Li nuclei and Lithium nuclei deposited at different 
current densities[11,14] 
 
Figure 5 illustrates that current density controls the distribution of the lithium nuclei and decides the 
morphology of the lithium deposits. Especially, fast charging whose current density is high made Sand’s 
time become shorter. It made Li nuclei frequently scattered and Li dendrite structure. When the larger 
current flows, the current density gets higher. As a result of higher current density, the nuclei are further 
scattered, and the size of the nuclei is reduced, and form of nuclei change into dendritic structure. When 
the smaller current flow, the current density gets smaller. As a result of smaller current density, the 
nuclei are grown and deposited semi-spherically and the deposition turns into condition of charge-
transfer controlled. [11] In order to delay the dendrite initiation time, the region for control the charge-
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transfer controlled needed. When a much huge current flow, the deposition turns into condition of 
diffusion controlled. Also, the rate of diffusion of lithium ions is much slower than the Li-ion reduction, 
which make the potential extremely negative numbers and lithium deposition come to be central 
reaction. [12,13] For suppressing Li dendrite formation, the appropriate value of current density should 
be in the model of charge transfer controlled growth. 
The nucleation of Li metal on Cu and the dependence of lithium nuclei range, form, and areal current 
density can be cooperate with current rate. According to Yi cui s group, the Li cores range is 
disproportionate to the overpotential and the number density of nuclei is proportionate to the cubic 




















 1.3 Research about fast charging 
When charging the battery excessing 2C rates, various electrochemical phenomena will result 
constrained accessibility of the active material, increased inclination towards Li plating, and extreme 
heat generation. 
Considering the demands developed at the battery level in relation to high-speed charging, each lithium-
ion battery requires optimized research. The important direction is to improve the transfer 
characteristics of the electrolyte, reduce the diffusion distance through electrode structure design, 
reduce the tendency of Li plating through detailed charging methods, integrate functional detection 
within the battery, develop an advanced temperature control system, and evenly extract heat from the 
battery.  
The behavior of cells and packs undergoing rapid charging depends on various factors. As shown in 
Figure 6, it scales from the atomic level to the system level.[15] 
 
Figure 6. Crucial factors concerning Li ion battery rapid charging at different scales 
 
Rapid charging capability has become crucial points besieged by battery and electric vehicle industries. 
However, rapid charging has been shown to speed up aging of cells, causing mutually the capacity 
fading and worsen power capability. Low temperatures issues, which is spotlighted in many crucial EV 
fairs deteriorate even further because of the sluggish diffusion of Li ions between the electrodes and the 




Figure 7. Depiction of ordinary types of charging protocols proposed for fast charging. a) Constant Current - Constant Voltage 
(CC-CV), b) Constant Power – Constant Voltage (CP-CV), c) Multistage Constant Current - Constant Voltage (MCC-CV), d) 
Pulse charging, e) Boost charging with a CC-CV-CC-CV scheme, f) Variable Current Profile (VCP,) 
  
Figure 7 showed various charging protocol for suppressing side reaction of fast charging. Among 
various charging protocol, multi-stage constant current (MCC) protocol and boost charging protocol 
were selected. The process of modifying the current during charging can regulate cell degradation while 
lowering charging rate. This protocol is often decided by avoiding the mechanical stress surroundings 
when Li plating occurs by dropping heat generation.[16]. The MCC protocol is one of the initial sorts 
specially devised for rapid charging. These procedures have two or more constant current steps, 
afterward a CV steps follow. Higher current levels are generally selected for the preliminary CC step as 
the anode potential less grow to be negative when charging occur.  
 Boost charging features a CC-CV part with a higher average current at the start of charging and then 
a more moderate current. The first boost charging step is simply a CC profile, a CV profile where the 
cell immediately reaches its set maximum voltage via a high initial current (CV-CC-CV), or a full CC-
CV profile (CC-CV-CC-CV). In any case, boost charging stage should allow for a higher current or 
higher maximum voltage compared to the next CC-CV section to reduce the total charging time[16]. 
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Ⅱ. Experimental Method 
2.1. Electrode and cell fabrication 
The active material of negative electrode and positive electrode separately were S360 graphite and 
NCM811(Slab Co., Ltd.). The anode material with the total ratio of 2.6% binders were mixed. Binders 
were 1.2% CMC (MAC350H, ZEON) with 1.4% SBR (BM-451B, ZEON). The active material and 
binder were mixed in homogenizer (NISSEI) with 12000rpm for 1 hour. The Slurry of mixed anode 
complex was covered with loading on the Cu substrate whose thickness is 18um and coating has a 
loading level of 10.0mg/cm2. Dry process was done in the 80ºC oven for 1 hour. Pressing process was 
done with dried anodes ranging from 1.5g/cc to 1.7g/cc. Vacuum- dried in the 110ºC oven for 10 hours.  
NCM811 single crystal with PvdF(KF9300, Kureha) binder and two different conducting agents were 
mixed. One is consisted of 3 wt% carbon black (VGCF, TIMCAL) and the other is 1.5 wt% SFG6 
(TIMCAL). Also, PvdF is 2 wt% of a polyvinylidene fluoride (KF9300, Kureha) binder. The active 
material ratio was fixed as 94%. The cathode slurries were mixed using homogenizer (NISSEI) with 
10000rpm for 1-hour 30minute. The Slurry of mixed cathode complex was covered with 15.2mg/cm2 
loading level on the 15um Al substrate. Dry process done in the 110ºC oven for 1 hour. Pressing process 
was done with dried electrodes with 3.4g/cc. Vacuum- dried process was done in the 110ºC oven for 10 
hours.  
The cathode electrode and anode electrode were fabricated in the form of 2032 coin half-cell and in 
the form of pouch full-cell. Coin cell were constructed in the glove box and pouch cell in the dry room. 
Electrode were pierced for all same size in 14pi-size for testing coin half-cell. For pouch full-cell, 
cathode was pierced in the size of 20mm*25mm and anode was pierced in the size of 22mm*27mm. 
The electrolyte applied for coin half-cell and pouch full-cell is 1.15M LiPF6 dissolved in mixed organic 
solvents, comprising ethylene carbonate (EC), Dimethyl carbonate (DMC), in the volume ratio of 
(EC:DMC) 5:95 with additives of 10% fluoroethylene carbonate (FEC, Enchem) and 1% 
Tris(trimethylsilyl) phosphite (TMSP, Sigma Aldrich) from Professor Choi’s group. Separator was 
PP/PE/PP whose thickness was 20um (Celgard) 
 
The pouch cells 48mm length x width and the composition of the pouch cell was as follow. 
Cathode:20mm*25mm , Anode:22mm*27mm ,Separator:26mm*30mm. 




2.2. Physical characterization 
With Scanning Electron Microscope (SEM,Nova NanoSEM,FEI) the anode and cathode before the 
cycle and the anode and cathode after the cycle were observed. Before sampling in the SEM holder, the 
pouch full cell was disassembled in the dry room, and the anode and cathode were washed with DMC 
solution to remove remaining salt.  
Using Ion milling (IM400, HITACHI), cross-section of cathode and anode are gained. Ion milling were 
done for 1.5 hour. The current of Ion beam is 110uA and gas flow is 0.15cm3/min.  
 
2.3. Chemical characterization 
X-ray photoelectron spectroscopy (XPS,K-alpha, ThermoFisher) analysis was requested to analyze the 
surface of the layer laminated on the graphite. XPS analysis is performed in ultra vacuum (<1.3 x 10-8 
Pa) state and depth profiling by 500V Ar ion sputtering. Like SEM analysis, the cell was disassembled 
and then returned to the XPS room.  
The cathode was subjected to X-ray diffraction (XRD, HRPXRD, RIGAKU) to examine phase clarity 
and decide crystal building. XRD test done under Cu Kα radiation (λ = 1.54056 Å) at 40 kV and 30 mA. 
For the phase identification, the scanning 2θ scope was established from 10° to 70°, with a scanning 
rate of 0.04° s−1. 
 
2.4. Electrochemical test 
The charging and discharging of the rechargeable battery were conducted with cycler (PESC 05-0.1, 
PNE SOLUTION). The voltage range is between 2.8V and 4.2V, and formation process was conducted 
at 0.1C charge and 0.1C discharge at 25 degrees. Standard processes were conducted at 0.2C charge 
and 0.2C discharge at 25 ℃  
High-rate charging were done by dividing single stage Charging and double stage charging ranging 
from 3C charging to 5C charging. In the single stage charging method, after 10 minutes of rest in a cell 
discharged to 2.8V, charging with CC mode occurred up to 4.20V at 3C or 5C, and then proceeded CV 
mode so that the cut-off current drops to 1/20C. In the double stage charging method, after 10 minutes 
of rest in the cell discharged to 2.8V, charging CC mode up to 4.19V with 3C or 5C, and then proceed 
CV mode so that cut off current dropped to 1/30C in and then re charging CC mode up with 1/30 C to 
4.20V as shown in figure 8. Cut off current in CV mode was 1/20 C. The current density is 2.72 mA/cm2 














   
Single stage charging 
Double stage charging 
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Ⅲ. Result and discussion 
3.1 Electrochemical tests 
3.1.1 Formation and standard process 
 














Figure 9 showed the graph of formation with pouch full cell. In formation process, the average 
charging capacity and discharging capacity of anode samples whose electrode density is 1.5g/cc was 
separately 16.63mAh and 13.59mAh while average charging capacity and discharging capacity of 
anode sample whose electrode density is 1.7g/cc was 14.56mAh and 12.35mAh. The average ICE of 
anode samples whose electrode density is 1.5g/cc was 81% while that of anode sample whose electrode 
density is 1.7g/cc was 85%. Discharging capacity of anode sample whose electrode density is 1.5g/cc 
show on average as high as 1.16mAh than that of 1.7g/cc. Figure 10 showed the graph of standard with 
pouch full cell. In the standard process, The average charging capacity and discharging capacity of 
anode samples whose electrode density is 1.5g/cc was separately 13.75mAh and 13.08mAh while 
average charging capacity and discharging capacity of anode sample whose electrode density is 1.7g/cc 
was 12.38mAh and 11.87mAh. CE of cell with an anode of 1.5g/cc showed an average 96% and cells 
with an anode of 1.7g/cc had an average of 95%. Discharging capacity of anode sample whose electrode 



















3.1.2 Cycle life test on high rate charging 
 
 
Figure 11. Discharging capacity and retention of 3C charging 1C discharging Cycle life test 
 
 










Figure 11 showed discharging capacity and retention when 3C charging and 1C discharging cycle life 
test done. Figure 12 showed the coulombic efficiency when 3C charging and 1C discharging cycle life 
test done. In the case of a cell with 1.5g/cc anode, the cell discharged at 1C and charged at 3C in a 
double stage. Discharging retention was more than 80.0% in the 50th cycle, and coulombic efficiency 
was also higher than other cells. After the 5th cycle, the coulombic efficiency showed steadily 97.6%. 
In the case of a cell with a 1.7g/cc anode, the cell discharged at 1C and charging at 3C in a double stage. 
The discharging retention was 49.1% at the 40th cycle, and the value of coulombic efficiency was 
between 95.0% and 96.0% after the 20th cycle. In the case of a cell with 1.5g/cc anode and discharged 
at 1C charged 3C in a single stage, discharging retention was more than 89.2% in the 25th cycle and 













Figure 13. Discharging capacity and retention of 5C charging 1C discharging cycle life test 
 
 







Figure 13 showed discharging capacity and retention when 5C charging and 1C discharging cycle life 
test done. Figure 14 showed the coulombic efficiency when 5C charging and 1C discharging cycle life 
test done. In the case of a cell with 1.5g/cc anode, the cell discharged at 1C and charged 5C in a double 
stage. The discharging retention is 74.5% at 50th cycle. After the 5 cycle, the coulombic efficiency 
showed steadily 97.0%. In the case of a cell with 1.7g/cc anode and discharged at 1C and charged 5C 
in double stage. The discharging retention was 63.7% at the 50th cycle and value of coulombic 
efficiency was 97.2% from the 10th cycle and 25th cycle. 
In the case of a cell with 1.5g/cc anode, the cell discharged at 1C and charged 5C in a single stage. The 
discharging retention was more than 72.1% in the 25th cycle and value of coulombic efficiency was 






















3.1.3 Compare charging time between single stage and double stage charging 
 
Figure 15. Charging time vs Cycle graph on high rate charging of 1.5g/cc anode 
 
Figure 15 shows the 5C double stage charging time and the 3C single stage charging time for each cycle 
in a full cell with the same anode of 1.5g/cc. Looking at the chart from 10 cycles to 25 cycles, 5C double 
stage charging takes about 1000 seconds per cycle than 3C single stage charging. 
Figure 16 shows the 5C double stage charging time and the 3C single stage charging time for each cycle 
in a full cell with the same cathode of 1.7g/cc. The charging time of 3C is constant per cycle, but the 
charging time increased by as much as 2000 seconds from 25 cycles in the 5C double stage charging 
method. From the 25th cycle, the deterioration rate increased and the charging time increased due to Li 






















3.2 SEM/EDX/XRD/XPS analysis and wettability test 
3.2.1 SEM and EDX analysis 
  
 
Figure 17. Cross section image of (a) Pristine graphite, (b) graphite showing good retention(3C), (c) graphite showing Bad 
retention(3C) and (d) graphite of 5C charging 
 
The graphite sample was disassembled in the dry room and observed with SEM. Figure 17(a) is a 
pristine graphite, and figure 17 (b) is a 1.5g/cc graphite, taken in a charged state after 50 cycles of 3C 
double stage charging and 1C discharging. Unlike other anodes with Li deposition, there is no 
lamination structure. On the other hand, figure 17 (c) and figure 17 (d) are respectively 1.7g/cc graphite 
sample. (c) taken in a charged state after 50cycle, 3C single stage charging and 1C discharge. (d) showed 
the sample which undergo 50 cycles 5C single stage charging and 1C discharge. After 50 cycles of 5C 
single stage charging and 1C discharging, a new stacked structure was created. This can be a Li dendrite 
layer. In Figure 18(a), the layered structure was confirmed by mapping through EDX in the form of 
Oxide. On the other hand, in figure 18(b), the thickness of the layered structure is relatively thin, and 







Figure 18. EDX mapping image of graphite showing (a)Bad retention(3C) and (b)good retention(3C) 
 
Table 2. EDX mapping color of element 
 O F C Cu 
(a)     
 P F C Cu 



















Figure 19. Surface image of Pristine graphite ,graphite showing good retention(3C), graphite showing Bad retention(3C) and 
graphite of 5C charging 
 
Figure 19(a) is a surface image of pristine graphite, and figure 19(b) is image of a 1.5g/cc graphite, 
taken in a charged state after 50 cycles of 3C double stage charging and 1C discharging. Unlike other 
anodes with Li deposition, there is no lamination structure. On the other hand, figure 19 (c) and figure 
19 (d) are respectively 1.7g/cc graphite sample. Figure 19 (c) and figure 19 (d) showed Li dendrite form 









Figure 20. NCM811 cross-section image(a) pristine (b) after 5C 50cycle 
 
On the other hand, from Figure 20, the cross section of NCM811 does not show much difference before 
and after the cycle without any reactants. In Figure 21, there were also several photographs of the 
NCM811 surface. There was no substantial change between pristine image and image of rapid charging 
other than the binder agglomeration phenomenon. 
 
  












3.1.2 Wettability test 
The contact angle was measured by dropping 2ul of electrolytes on a graphite electrode plate of 3.4 g/cc 
anode NCM 811 and anode densities of 1.5 g/cc and 1.7 g/cc, respectively, at room temperature. Since 
the wettability of the electrolyte solution is high, the contact angle of the image taken that moment of 
dropping was measured. Figure 22 showed that on average the cathode had a contact angle of 17.93°, 
the average of 1.5g/cc graphite was 17.8°, and the 1.7g/cc graphite was 16.1 °. The lower the contact 
angle, the better the impregnation, and it was found that impregnation was slightly different depending 






















(c)1.7g/cc graphite   
16.1 ° 
(b)1.5g/cc graphite  
17.8 ° 




3.1.3 XRD analysis 
For ex-situ XRD measurements, the cycled electrodes disassembled and washed with DMC solvent for 
numerous moments and dried in a dry room. The dried electrodes were transformed with a thin PE film 
to make an ex-situ XRD cell. 
Figure 22 showed the XRD pattern. Figure 22(a) showed the pattern of cell after 3c 10cycle and figure 
22(b) showed the pattern of cell after 3c 30cycle and figure 22(c) showed the pattern of cell after 0.1c 
after 1cycle. X-ray diffraction (XRD) pattern was done to examine the structural changes of the cathode 
before cycling and after cycling. The (003) diffraction peak for the cathode after two fast charging 
cycles shifts at a lower angle compared to the cathode before fast charging. The distance between the 
layers of the cathode increases significantly after cycling. The I(003) /I(104) Intensity ratio is over 1.2, 
















(a) After 3c 10cycle 
(b) after 3c 30cycle 
(C) after 0.2C 1cycle 
Figure 23. XRD pattern for NCM 811 electrode after cycle  
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Figure 24. Atomic percent of each element of Li, P, C, O, F by depth profiling (a) 1.5g/cc 3C charging 1C discharging (b) 
1.5g/cc 5C charging 1C discharging (c) 1.7g/cc 3C charging 1C discharging (d) 1.7g/cc 5C charging 1C discharging 
 
As a result of quantitative analysis of this sample subjected to depth profiling, the atomic percent can 
be confirmed in the following Figure 24. Overall, the Li ratio is 40-50% after high-speed charging. 
Speaking of depth profile information, eliminating substance from the surface using Ar + ion sputtering 
is very abusive and can lead to toughness due to sputtering, favored elimination of some elements and 
break down of compositions. Therefore, the several effects of sputtering on the compounds related in 
anode measurements were analyzed individually. One essential result is the creation of Li2O because of 
Li2CO3 decomposition. LiPF4 decomposed to form a small amount of LiF. The inserted LiC6 electrode 
was not balanced during sputtering, so Li-OH was deposited on the surface.[18] 
(a) 1.5g/cc 5C 1C (b) 1.5g/cc 3C 1C 






Figure 25. F 1s XPS spectra of anode (a) 1.5g/cc 5C charging 1C discharging depth profiling 0s (b) 1.5g/cc 3C charging 1C 
discharging (c) 1.5g/cc 5C charging 1C discharging depth profiling 200s (d) 1.5g/cc 3C charging 1C discharging depth 












(a) 1.5g/cc 5C 1C (b) 1.5g/cc 3C 1C 
(c)  1.5g/cc 5C 1C (d)  1.5g/cc 3C 1C 







The figure 25 and 26 showed XPS spectra of F 1s. The first of 687.0 eV is due to the salt LiPF6 and the 
second of 685.0 eV is assigned to Li-F. The overall amount of LiF increase as sputtering continue up to 
1000s. During charging, an increase in the Li-F peak can be observed as the sample which were charged 
state were detected in the XPS room. The evolution of this spectrum is due to the deposition of a 
significant amount of LiF, which is a major component of the exterior part of the SEI layer. It can be 
inferred that the LiF layer, an important element of the SEI layer, is maintained through the tendency 
of the LiF amount to be found more during the depth profiling process. 
 
   
  
  
Figure 26. F 1s XPS spectra of anode (a) 1.7g/cc 3C charging 1C discharging depth profiling 0s (b) 1.7g/cc 5C charging 1C 
discharging (c) 1.7g/cc 3C charging 1C discharging depth profiling 200s (d) 1.7g/cc 5C charging 1C discharging depth 








(b) 1.7g/cc 5C 1C 
(a) 1.7g/cc 3C 1C 
(c)  1.7g/cc 3C 1C (d)  1.7g/cc 5C 1C 







Figure 27. O 1s XPS spectra of anode (a) 1.5g/cc 5C charging 1C discharging depth profiling 0s (b) 1.5g/cc 3C charging 1C 
discharging (c) 1.5g/cc 5C charging 1C discharging depth profiling 200s (d) 1.5g/cc 3C charging 1C discharging depth 
profiling 200s (e) 1.5g/cc 5C charging 1C discharging depth profiling 1000s (f) 1.5g/cc 3C charging 1C discharging depth 
profiling 1000s 
 
Two peaks are specified in the figure 27 and 28 which showed O 1s spectrum. More other components 
were concealed within signs, but it is certainly difficult to distinguish the peaks. The signal of the higher 
binding energy of 533.8 eV was assigned to organic carbonate (RCO3), and the peak of 532.1 eV was 
assigned to lithium carbonate, and the peak of 528.3 eV was assigned to lithium oxide. The oxide signal 
of polyethylene oxide (PEO) previously found in SEI has within the Li2CO3 section of O 1s. The oxide 














(b) 1.5g/cc 3C 1C (a) 1.5g/cc 5C 1C 
(c)  1.5g/cc 5C 1C (d)  1.5g/cc 3C 1C 



































Figure 28. O 1s XPS spectra of anode (a) 1.7g/cc 3C charging 1C discharging depth profiling 0s (b) 1.7g/cc 5C charging 1C 
discharging (c) 1.7g/cc 3C charging 1C discharging depth profiling 200s (d) 1.7g/cc 5C charging 1C discharging depth 




























(b) 1.7g/cc 5C 1C (a) 1.7g/cc 3C 1C 
(c)  1.7g/cc 3C 1C 
(d)  1.7g/cc 5C 1C 




























Figure 29. C 1s XPS spectra of anode (a) 1.5g/cc 5C charging 1C discharging depth profiling 0s (b) 1.5g/cc 3C charging 1C 
discharging (c) 1.5g/cc 5C charging 1C discharging depth profiling 200s (d) 1.5g/cc 3C charging 1C discharging depth 









(b) 1.5g/cc 3C 1C (a)1.5g/cc 5C 1C 
(c)  1.5g/cc 5C 1C (d)  1.5g/cc 3C 1C 
(e)  1.5g/cc 5C 1C (f)  1.5g/cc 3C 1C 
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Figure 29 and 30 showed the XPS spectra of C 1s. Three main peaks are seen during charging. The first 
peak at 285.0 eV is caused by hydrocarbon impurity and carbon atoms bonded only to carbon or 
hydrogen atoms. The second peak is attributed to a carbon atom in only one oxygen circumstances at 
286.8 eV, while the third is assigned to a carbon atom in 3 oxygen circumstances at 290.1 eV. 
The binding energy point ,284.5 eV, is assigned to graphite, while the other components come from the 
first layer formed on the surface, mainly by cycling the electrode in fast charging. The peak at 286.8 eV 
may be due to a carbon atom bonded to one oxygen in lithium alkyl carbonate (R–CH2–OCO2Li). The 





















Figure 30. C 1s XPS spectra of 1.7g/cc anode (a) 1.7g/cc 3C charging 1C discharging depth profiling 0s (b) 1.7g/cc 5C 
charging 1C discharging (c) 1.7g/cc 3C charging 1C discharging depth profiling 200s (d) 1.7g/cc 5C charging 1C discharging 
depth profiling 200s (e) 1.7g/cc 3C charging 1C discharging depth profiling 1000s (f) 1.7g/cc 5C charging 1C discharging 




(c)  1.7g/cc 3C 1C (d)  1.7g/cc 5C 1C 
(e)  1.7g/cc 3C 1C (f)  1.7g/cc 5C 1C 




The necessary to reduce range anxiety and meet customer prospects has driven many automakers to 
aim for rapid charging capability as a crucial design characteristic for EV battery packs 
 
Anode electrode densities change occur ranging from 1.5g/cc to 1.7g/cc of the whole NCM811/graphite 
lithium-ion battery on high-rate charging. In addition, variations of charging protocol as the boost 
charging protocol where only a fraction of the battery capacity is charged with a high charging current, 
still exhibited a high drop in imbalance due to the high current boost interval. 
 SEM image of a 1.5g/cc graphite underwent double stage charging, taken in a charged state after 50 
cycle, showed unlike other anodes with Li deposition, there is no lamination structure. On the other 
hand, 1.7g/cc graphite sample showed Li dendrite form taken in a charged state after 50 cycle. Therefore, 
1.5g/cc graphite which underwent double stage charging not only showed good cycle life characteristics 
but also showed no lamination structure on the surface of graphite 
In addition, surface layer growth was not even after cycling in high-rate charging and 1c discharging. 
LiPFx decomposes to LiF and PFx within a 1000 s sputter time; a lot of LiPFx does decompose; and 
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